Abstract-Recoil ion distributions in silicon and the resulting distribution of the linear energy transfer (LET) are important metrics in microdosimetric studies and in the investigation of neutron-induced single-event effects. A rigorous methodology is presented for quantifying the uncertainty in these metrics due to the underlying uncertainty contributors, including that due to the nuclear data, recoil ion electronic stopping power, and incident neutron spectrum. The methodology uses a Monte Carlo-based approach so that the nonlinear uncertainty propagation is rigorously treated as the response function folded with the full incident neutron spectrum. The uncertainty is captured in the form of both recoil energy and LET-dependent covariance matrices. The uncertainty contributions from the nuclear data are shown to have strong energy-dependent correlations which are comparable in magnitude to that from the uncertainty found in the spectrum characterization for high fidelity reference neutron fields. The uncertainty from the stopping power has the largest magnitude of the largest contributors, but it shows a very strong energy-dependent correlation that translates into a systematic uncertainty that may cancel out in many applications.
I. INTRODUCTION
T HE charge released in the sensitive volume of a semiconductor by a neutron interaction in silicon is a result of several factors including: the probability of a neutron interaction with a silicon atom in the lattice; the resulting probability distribution for the recoil energy of the outgoing particles; and the linear energy transfer (LET) from the recoil particles emitted within the sensitive volume of the device to the surrounding area. The probability distribution for this released charge is an important metric in microdosimetric studies [1] and in the investigation of single-event effects (SEEs) in semiconductors. On the other hand, when an experiment is conducted and the results of measurements are reported using these metrics, a measurement uncertainty is typically available. However, when the modeling community uses these metrics, the work is rarely accompanied with any statement on the associated computational and model-based uncertainty. Any dosimetry application that uses a model-based estimate of these metrics has a community-acknowledged intrinsic obligation to also report an associated calculated uncertainty.
Predictions of the SEE sensitivity of electronics are typically grounded in a device-level experimental characterization/calibration using reactor neutrons, 14-MeV neutrons, high-energy protons, or heavy ions. Then, modeling is used to extrapolate damage estimates to the application environment, i.e., operation in fission reactor environments, IAEA Safeguards monitoring, reliability of avionics systems, or cosmicray-induced neutron upsets in a static random-access memory for ground-based high-performance computers. In order to support these applications, the SEE calculations that relate the stress/damage experienced in the application environment to the stress/damage imposed in the calibration environment need to be accompanied by a rigorous uncertainty analysis. This paper supports the quantification of the uncertainty for these metrics due to various underlying uncertainty contributorswith a focus on the uncertainty due to the nuclear data-and supports both the microdosimetric and SEE application areas.
II. DOSIMETRY METRICS
Most commonly used radiation damage metrics, such as ionizing dose or displacement damage energy, are expressed as a scalar value. This scalar value can be calculated as a convolution of a response function and the incident neutron spectrum. Section II-A provides a general formulation that can be used to express these dosimetry metrics in a generalized form that facilitates the uncertainty quantification of the calculated metric. However, when one considers damage metrics that address SEEs in semiconductors, even though some figures of merit, such as a critical LET, may be scalar quantities, the underlying calculated LET quantity is a distribution rather than a scalar. Section II-B extends the formalism used to describe the scalar damage metrics into a form where it can address a distribution while retaining a structure that is compatible with a rigorous uncertainty quantification.
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A. General Scalar Formulation
In most dosimetry applications, the relevant macroscopic integral neutron damage observable facility D type is a scalar that can be expressed as the convolution of the neutron source term over an energy-dependent microscopic damage response function type (E). The macroscopic observable facility D type as given by the expression shown in (1) , where type C is a response unit conversion factor that varies with the selected microscopic damage response, facility is the scalar neutron fluence, and φ facility (E) is the unit-normalized energy-dependent neutron spectrum-a probability distribution
The neutron source term is described by the product of the scalar fluence and the unit-normalized neutron energy spectrum. The decomposition of the neutron source term into these two quantities, a scalar magnitude and an energy-dependent unit-normalized probability term, supports the uncertainty quantification that is developed later in this paper. This decomposition also supports a clear treatment of neutron energy-dependent correlations since the systematic effect of the fluence uncertainty can be isolated and separately addressed. As discussed in [2] , the response function type (E) can be formulated by the general expression
In this expression: 1) the summation is over all reaction channels i and all particles j i emitted in that reaction; 2) the integral is over the recoil particle energy T R, j i and the cosine of the recoil emission angle μ; 3) E is the energy for the incident neutron; 4) E d is the angle-averaged displacement threshold energy characteristic of the lattice material, silicon in this case; 5) σ i, j i (E) is the cross section for producing particle j i , through reaction i ; 6) T R, j i is the associated recoil particle/ion energy for the reaction channel responsible for the production of the recoil atom i and for the type of recoil particle j i . 7) f (E, μ, T R, j i ) is the energy/angle distribution for emitted charged particles with an energy T R, j i at an angle characterized by μ = cos(θ ) that result in the emission of the j i particle in the i th reaction channel and are induced by the incident neutron with energy E.
is a threshold function of "type-A" that can be seen to have a dependence on the "types-B and D" functional forms selected to express the effective damage/defect generation component. [3] . In this scalar expression for a dosimetry metric, the neutron energy-dependent quantities in the response function and in the spectrum are separable. This separability facilitates the uncertainty quantification.
B. Metrics Expressed as a Distribution
The situation is more complex for model-based SEE calculations that use the recoil energy or LET metrics since they report distributions rather than scalar values. In this case, the analog form for (2), the generic response function which is to be convoluted over the neutron energy spectrum in (1), retains its dependence on recoil atom energy T R, j i but is simplified such that it represents the total recoil atom production rather than using a more complex damage metric derived from the recoil atom energy distribution. In this case, the integration over the recoil atom energy, shown in (2), is removed and the threshold func-
, and the residual damage efficiency type-C ξ(T R, j i ) all default to unity. This quantity, the vector analog to the energy-dependent response function, is indicated by the expression PKA x (T R,x , E). "x" in this expression can indicate a specific reaction channel, designated by j i , or a combination of reaction products summed over the channels. In many formulations, it is only the "primary" recoil atom spectrum that is desired, i.e., a recoil spectrum that ignores light particles, such as protons and alpha particles, in the outgoing channel. In addition, the recoil atom production spectrum, typically, no longer distinguishes between identical recoil atom types that arise from different reaction channels. This means that the summation over reaction channels seen in (2) is preserved but a delta function is introduced to result in a sum only over identical recoil particle types. The expression for the recoil atom production response, now including a dependence on the type (atomic number and atomic weight) of the recoil particle and the recoil atom energy (T R, j i ), is then expressed by the distribution shown in the following equation:
In this expression, the δ[ j i , PKA x ] function is a Dirac delta function that is zero unless the summation index j i is equal to the designated primary knock-on atom (PKA) type PKA x , where it is then equal to unity. When PKA x (T R,x , E), from (3), is used in the place of the response function type (E) Fig. 1 . LET for silicon recoil ions in a silicon lattice [3] .
in (1), the result is a recoil atom production distribution for the given neutron energy spectrum. This expression for the neutron spectrum-averaged recoil atom production j i (T R, j i ) has a dependence on the recoil atom energy (T R, j i ) and is specific to a given recoil atom (R) of type denoted by the index j i or a sum over PKAs of a given type (denoted by an "x" subscript).
On the other hand, the recoil atom production distribution is one form of the vector analog to the damage metric seen in (1), a more useful damage metric is the LET distribution. An expression for the LET distribution L requires that the various recoil atom types be distinguished (as discussed earlier), be multiplied by the appropriate electronic stopping power that corresponds to the recoil atom energy, and be summed over the reaction channels. The neutron-induced LET distribution in silicon is then given by the expression
P)] is the stopping power for a recoil product P (with atomic mass A j i , atomic number Z j i , and recoil energy T R, j i ) in a silicon lattice, and j i (T R, j i ) is the recoil atom spectrum for product j i produced in reaction channel i , and in a form similar to that defined by (3) but integrated over the neutron spectrum.
The predominant reaction for neutrons with an energy less than ∼10-MeV incident on a silicon lattice is either an elastic or inelastic reaction-which produces a recoiling silicon atom. Fig. 1 , from [4] , shows the stopping power for silicon recoil atoms in a silicon lattice. The curves shown in Fig. 1 represent the calculated stopping powers from the MSTAR code [5] based on a fit to all materials (MSTAR3c), based on a fit for the particular ion (MSTAR3d), SRIM-2000 (Z00), and SRIM-2003 (Z03) codes [5] . The SRIM-2013 stopping power is identical to that from SRIM-2000. The letters (A-F) in Fig. 1 refer to data points for specific measurements series that have been reported in the literature and are identified in [4] . Fig. 1 shows that a silicon ion has a maximum electronic stopping power of ∼14 MeV · cm 2 /mg in a silicon lattice and this occurs for silicon ions with an energy of ∼1 MeV/nucleon or 28 MeV. The data points labeled with "B" in Fig. 1 represent the earliest set of data sets depicted in Fig. 1 , circa 1991, and are seen to roll off at lower ion energies than that seen for the other data sets, which range in measurement dates from circa 2000 to 2010. Significant variation in the stopping power is seen near the peak of the curve-and there is a strong correlation in data points from any given experimental series in the leading and trail portions of the stopping power curve. A similar spread in the measured or calculated stopping power is seen in [4] for aluminum recoils produced from an (n, p) reaction on silicon or from magnesium atoms produced from an (n, α) reaction on silicon.
C. Metrics for Ionization in Electronics
Damage to electronics resulting from local charge release in modern semiconductors can be more complex than just the local ionization via the ionizing kerma or, when charged particle equilibrium may not exist, ionizing dose. The range of the charge distribution from an individual recoil atom, as well as the local density of charge deposition, can affect charge recombination and charge collection. These characteristics can be important parameters in the evaluation of the resulting damage in electronics. Because of this complexity, various metrics have been used to characterize the effects from the local charge generation resulting from a neutron-induced reaction. Four common damage metrics, with increasing levels of fidelity applicable to the examination of SEE effects, are as follows.
1) Ionizing kerma or ionizing dose delivered from a neutron interaction (Fig. 2 shows the energy-dependent fraction of the neutron dose that goes into ionization). 2) Burst generation rate (BGR), the cumulative probability distribution (cdf) for the primary recoil atom having an energy greater than a critical energy value. 3) Critical LET, the probability of a recoil ion having an LET value above a given critical value (see Fig. 3 , for example, LET probability distribution function (pdf) from a 14-MeV neutron and for the Annular Core Research Reactor (ACRR), a representative pool-type reactor spectrum; see Fig. 4 for representative cumulative LET distribution functions for a 14-MeV neutron or for the neutron spectrum in a representative pool-type reactor). 4) Critical charge, the integrated charge deposited within the device sensitive volume along an ion track. The ionizing kerma represents an integral metric, captured by the expressions in (1) and (2), that is dependent upon the convolution of a response function and the neutron spectrum. The ionizing kerma is equal to the ionizing dose, the more physically meaningful damage metric, when an assumption of charged particle equilibrium can be made. On the other hand, ionizing kerma is an easy damage metric to compute, it is only an indicative metric for some damage modes. In particular, it only correlates with the observed single-event damage modes when: 1) one can assume that only a singleneutron event within a prescribed sensitive volume is relevant to the damage mode; 2) it is converted from deposited dose in a given mass of material into a charge deposition in the active volume; 3) the damage modeling addresses the stochastic nature of the neutron interactions and accounts for various possible reaction channels as well as the distribution of the recoil atom emission angle; and 4) if the range of the neutroninduced recoil atoms is less than the dimensions of the device sensitive volume. The other three metrics enumerated above represent differential metrics, rather than integral metrics, and are typically grounded by experimentally derived critical sensitive damage values, and whose application requires the use of experimentally derived device-specific damage cross sections to compute the probability of a particular damage mode. An expression for the uncertainty of the first metric has been presented in [3] . The purpose of this paper is to quantify the uncertainty in the second and third metrics, i.e., the BGR and critical LET dosimetry metrics, which represent the more complex damage forms for distributions rather than scalar dosimetry/damage metrics.
III. UNCERTAINTY TREATMENT

A. Nuclear Data
This analysis of the uncertainty due to the knowledge of the underlying nuclear data uses a Total Monte Carlo (TMC) approach [7] to capture the nonlinear propagation of the uncertainty due to the nuclear cross-sectional data and to the associated recoil atom energy distributions into the dosimetry/damage metrics. Because of the nonlinear dependence of the damage upon the nuclear cross-sectional data, a rigorous treatment of the damage energy uncertainty requires that one uses a Monte Carlo-based approach [8] . To perform a Monte Carlo sampling of the cross section, we used a 300-element random sampling based upon a set of complete nuclear data evaluations produced by the TENDL-2015 random crosssectional library by varying the input computational nuclear model parameters in the underlying TALYS code system [9] calculations. For each of these 300 sample cross-section evaluations, we generated cross sections in a 175-group neutron energy bin structure using the NJOY-2012 code [10] . We captured the reaction-dependent recoil spectrum in the same 175-group energy bin structure, and we extracted a library of the reaction-dependent and composite recoil spectra using the SPKA6C code [11] . A code COV_GEN was written to convolve these recoil spectra with a neutron spectrum, as shown in (3), to calculate a statistical sampling of recoil spectra for a specific case. The uncertainty, characterized as a standard deviation and a correlation matrix, was then formulated from this 300-element statistical set of the recoil spectrum variation due to the nuclear data.
B. Stopping Power/Partition Function
For some dosimetry metrics, in addition to the uncertainty due to the neutron interaction data (cross sections for various reaction channels, angular distributions, and recoil atom energy distributions), there is also uncertainty due to the energy deposition from the resulting recoil atoms. The total stopping power represents the deposition of energy through both electronic (collisions with electrons) and nuclear processes (Coulomb interactions in which recoil energy is imparted to lattice atoms). The stopping power refers to the energy deposition from an ion with a specific recoil energyand does not address the energy loss as integrated over the ion track as it slows down. Note that the nuclear term here does not refer to actual nuclear reactions but refers to amount of the energy from an ion with a specific energy that goes into overcoming lattice binding energies or that goes into lattice phonon creation. It is only the energy that goes into ionization, i.e., the creation of electrons, that is relevant to computing the LET-related damage metric addressed in this paper. The silicon ion electronic stopping power in a silicon lattice is shown in Fig. 1 . The division of energy deposition between ionization and nuclear processes (a combination of displacement-related binding energies and phonon generation) depends upon the energy spectrum for the neutron-induced recoil atoms.
The LET damage metric addressed in this paper is different from the ionizing dose damage metric or from the displacement damage metric. The displacement damage metric [12] is related to the displacement energy, as defined within the NJOY code formalism [10] , and to the nonionizing energy loss metric used in assessing electronic property degradation of silicon and GaAs devices. Fig. 2 shows the neutron energy partitioning, i.e., the fraction of the energy that goes into ionization as opposed to displacements/phonons, when the Robinson fit [13] to the Lindhard, Scharff, and Schiott potential [14] is used as the energy partition function. Note that Fig. 2 represents the division of deposited energy as accumulated over the total slowing down and stopping of the recoil atoms-and is relevant for ionization-related damage metrics such as trapped charge or nonionization-related damage metrics such as the Frenkel pair generation responsible for reduction in the minority carrier lifetime and gain degradation in bipolar semiconductors. At high energies, almost all of the recoil energy goes into ionization processes. At low energies, in accordance with the shape of the Robinson energy partition function, most of the energy goes into displacements. A large spike in the ionization fraction is shown in Fig. 3 near ∼150 eV. This spike is due to the fact that the elastic reaction dominates in this energy region and the required conservation of both energy and momentum means that the maximum elastic scattering recoil energy in this region falls just below the displacement threshold energy of 20.5 eV [15] , [16] . When displacements are not possible, a higher fraction of the energy goes into ionization. The partition function, while relevant for the total ionizing dose metric, represents an integral effect computed over the slowing down of the recoil atom and is not relevant in the calculation of the LET metric being addressed as a primary focus of this paper. The uncertainty in the energy partition function, as the ions stop in a material, is captured by using a parametric functional fit to the variation seen in the damage partition function when various potentials are used in binary collision approximation code MARLOWE [17] to model the energy partition process [18] . In contrast to this, the uncertainty in the LET damage metric is captured by considering the uncertainty in the ion electronic stopping power.
For single-event upset damage modes, it is only the energy deposited in the sensitive volume of a device that is important. Although the charge deposition within the active volume of an electronic device is a higher fidelity damage metric, this metric can be complex to calculate and depends upon the knowledge of the actual charge collection volume within the device. Because of this complexity, a more common vulnerability metric used by the radiation effect community is the LET distribution and the device-specific critical LET. As discussed in Section II-C, this damage metric is applied by considering the portion of the complete LET distribution or the cross section for events that result in a LET which is above a critical value. This uncertainty in the recoil ion electronic stopping power is captured by using a parametric functional fit to the experimental data, and the model-based variation in the direct electronic stopping power is computed. A three-parameter log-normal fit to the stopping power provided an excellent fit to any of the individual sets of stopping power data as a function of the recoil energy per nucleon. The functional form is shown in (5) . Looking at the variations to the individual fits, we adopted a three-parameter log-normal shape with parameters (and associated uncertainty) of a (amplitude) = 14.06% ± 5%; b (energy per nucleon value at maximum) = 0.76% ± 25%; and c = 2.075% ± 2.5%
The COV_GEN code was used to perform a Monte Carlo sampling to characterize how the uncertainty in the stopping power affected the conversion of the recoil distribution into a LET distribution. Equation (3) shows the expression for the "primary" recoil atom, i.e., the heaviest recoil particle produced in the specified reaction channel. Some reaction channels can produce multiple charged particles in the outgoing channel, e.g., the (n, α) reaction in 28 Si produces both a heavy recoil 25 Mg atom and an outgoing alpha particle. When considering integral scalar metrics, such as ionizing dose, the contributions from the low mass recoil particles, e.g., p, d, or α particles, are fairly small, less than 4% even for neutron energies up to 20 MeV [16] . The physics of the alpha particle interactions also means that it only has a small value for the electronic stopping power in silicon, a maximum of 1.45 MeV · cm 2 /mg. Thus, it is only important in neutron-induced upsets of electronics for very soft devices with a small critical LET. Since this paper addresses normalized recoil atom probability distributions, the alpha particle is not considered as a separate particle as that would bias the normalization and make interpretation more difficult. Similarly, due to the lack of reaction-dependent correlation details in the NJOY processing, the alpha particle recoil LET cannot be coherently added to the PKA LET. For the LET distribution, it would be conservative to add the maximum alpha particle LET to the corresponding LET from each PKA from (n, α) channel recoils.
Different possible neutron-induced reactions in silicon produce different primary recoil atoms, e.g., 29, 28, 27 Si, 26,25,24 Mg, 27,28 Al, 24 Na, and 21, 20 Ne. The stopping powers from these recoil atoms are close to that from the Si atom and, whereas different recoil particle stopping powers could have been modeled separately for each reaction channel, there is a strong correlation in the stopping power for different incident atoms Correlation matrix for the ACRR central cavity reference neutron benchmark spectrum based on a least-squares analysis using 33 dosimeters [19] . and the current statistical sampling approach to the stopping power uncertainty covered the range for all of the possible recoil atom types. Thus, this paper treated all PKA recoils stopping power as coming from a silicon atom.
C. Neutron Spectrum
Equation (3) shows that the uncertainty in the knowledge of the neutron spectrum will also affect the uncertainty in the resulting recoil atom spectrum. Fig. 5 shows the differential energy representation of the neutron spectra for a suite of representative neutron test facilities. Most useful test facilities have a spectrum that has been characterized using timeof-flight or activation dosimeters. A least-squares approach is typically used for the spectrum characterization, and the uncertainty is captured in the form of a covariance matrix. Fig. 6 shows a representative correlation matrix for the uncertainty in the ACRR free-field spectrum. The correlation matrix measures the "stiffness" of the energy-dependent uncertainty and its values can range from −1 (anticorrelated and colored violet) to +1 (totally correlated and colored red). The green color corresponds to an uncorrelated case where the associated uncertainties at the two energies are totally independent. Uncertainty in neutron-induced silicon ionizing kerma due to uncertainty in the cross sections. The COV_GEN code used the Cholesky decomposition [20] of the spectrum covariance matrix, using an 89-group energy representation, to produce a statistical sample of the neutron spectrum, which were then rebinned into a 175-group representation and folded in with the recoil atom spectrum from the baseline TENDL-2015 nuclear data evaluation to produce a statistical sampling of the PKA spectra and of the resulting LET distribution. The uncertainty in the PKA and LET distributions was then determined.
IV. RESULTS
A. Nuclear Data
Figs. 7 and 8 show the uncertainty in the ionizing dose due to the uncertainty in the cross sections and recoil spectra based on the TMC treatment, i.e., an approach based on the variation of the underlying nuclear data parameters. The ionizing dose was calculated by using the NJOY code [10] to calculate the total kerma and the displacement kerma, and the displacement kerma was subtracted from the total kerma to obtain the ionizing kerma. The structure in the correlation matrix near 2 MeV is due to the fact that this is the energy where the inelastic and (n, p) reactions begin to be significant. Below this energy, the elastic reaction dominates and the kinematics of the conservation of energy and momentum for this reaction channel provides a significant correlation in the nuclear data. The low correlation near the 0.2-MeV energy occurs because this is the energy where the kinematic constraints on the elastic scattering, in order to conserve both energy and momentum, results in a maximum recoil energy that just falls below the threshold for the displacement threshold energy. The region below this is seen to be very tightly correlated since it is dominated by the (n, γ ) capture reaction which has a very tightly correlated 1/v energy dependence. The large uncertainty shown in Fig. 7 near 0.1 MeV is due to the presence of a large resonance structure in the elastic channel at this energy [3] and its sensitivity to the input nuclear model parameters. Figs. 9 and 10 show uncertainties in this scalar metric due to the uncertainty in the energy partition function [18] . This uncertainty is produced by a Monte Carlo treatment where a normal distribution for the fitting parameters is sampled, and the resulting partition functions are propagated through the NJOY treatment of the resulting ionizing kerma. The uncertainty shown in Fig. 9 is small at high energies since almost all of the energy from high recoil ions goes into ionization. The large uncertainty in the 100-eV-1-keV region is due to the uncertainty in the displacement threshold energy, which varies from 10 to 30 eV [15] , [16] , and its influence on the energy partitioning near the threshold region [21] . Since the neutron-induced stopping powers in silicon are all on the leading side of the stopping power curve (PKA energies less than a silicon recoiling ion energy of 28 MeV, which corresponds to the peak in the stopping power curve that occurs near 1 MeV in the "energy per nucleon" that is plotted in the x-axis of the curve shown in Fig. 1 multiplied by the atomic mass of silicon), the correlation matrix for the partition function is seen to be very strongly correlated over the range of neutron energies up to the maximum neutron energy of 20 MeV addressed in this paper. All of the recoil energies produced by the fission neutron spectra have recoil atom energies less than the Bragg peak shown in Fig. 1 -and the leading edge of the stopping power, while there is a significant uncertainty, has an uncertainty that is very strongly correlated.
The uncertainty in the pdf for the recoil ion energy, and in the LET distribution due to the cross sections and recoil spectra, is calculated using the same Monte Carlo sampling treatment as was used for the ionizing dose discussed earlier. However, the uncertainty in this LET metric is more difficult to depict than was the neutron energy-dependent ionization because, when the metric has a recoil ion dependence, the effects of the neutron spectrum and the response function are no longer separable. On the other hand, the underlying calculations can be performed on a "per incident neutron" basis, the nonlinear uncertainty propagation due to the correlations in the cross sections between different reaction channels means that a new calculation needs to be performed for every neutron spectrum of interest. The recoil spectrum changes slowly as the incident neutron energy changes, but there are significant differences in the recoil spectra for different reaction channels. Fig. 11 shows the normalized recoil spectra from different reaction channels in the ACRR central cavity, a pool-type research reactor environment. The highest recoil energies come from the (n, α) reaction channel (black line), whereas the softest recoil energies come from the elastic channel (green line). The total recoil spectrum represents the properly weighted combination from these reaction channels in the ACRR central cavity neutron spectrum. Table I lists the relative importance of various reaction channels for a wide range of neutron spectra.
Figs. 12 and 13 provide an example of the uncertainty characterization due to the nuclear data, in the form of a standard deviation and correlation matrix, for the distribution of the silicon recoil energies in the ACRR pool-type research reactor. The red curve in Fig. 12 shows the uncertainty in the recoil spectrum, which has an uncertainty component due to the total cross section. The green curve shows the uncertainty in the pdf, i.e., the uncertainty in the spectral shape with unit normalization. The blue curve shows the uncertainty in the cdf, a metric used in some applications. The unit normalization means that the cdf uncertainty goes to zero for low recoil energies and has a shape similar to that for the pdf at high recoil energies. The correlation matrix for the normalized recoil pdf is similar to what is seen for the recoil energy in Fig. 13 .
Many applications do not need the complete differential damage metric as presented earlier. Rather, they use a critical value for the metric, e.g., a critical recoil energy or LET value, when they have experimental evidence that the device/circuit has an acceptable performance for any neutron interaction that results in a recoil energy/LET that is less than this critical value. In this application, the relevant uncertainty takes the form of a cdf rather than a pdf. Fig. 14 shows the correlation matrix for the cdf for the LET distribution in the ACRR reactor environment. As expected, the low LET portions are very strongly correlated.
B. Stopping Power
The process of using an analytical function to fit the correlation in the stopping power, as informed by available data sets and discussed in Section III-B, produced the strong correlation matrix shown in Fig. 15 . The two strongly correlated regions in the correlation matrix correspond to the portions below and above the value of the maximum stopping power, the Bragg peak. When this uncertainty in the stopping power is applied to the calculation of the neutron-induced LET distribution, the resulting uncertainty is shown in Figs. 16 and 17 . There is a large standard deviation in the high-and low-LET pdf. This uncertainty component is, in general, more important than that of the nuclear data uncertainty component. The correlation matrix in Fig. 17 shows a large and tightly correlated high (>4 MeV · cm 2 /mg) LET uncertainty. The small (<4 MeV · cm 2 /mg) LET correlation appears to be fairly low. The uncertainty in the LET distribution and the pdf for the LET distribution are virtually indistinguishable in Fig. 16 . As was seen for the nuclear data uncertainty, this stopping power uncertainty for the cdf shows a standard deviation that corresponds to the standard deviation for the pdf at high LET, but goes to zero for low LET, as required by the normalization constraint.
C. Neutron Spectrum
There is also an uncertainty contribution in the recoil ion spectrum due to the uncertainty in the knowledge of the incident neutron spectrum. This uncertainty component is uncorrelated with that from the nuclear data, and thus, the covariance matrices can be added to the combined covariance matrix due to the response, i.e., the combination of the nuclear data and the energy partition function. Fig. 18 shows the energy-dependent uncertainty for the 252 Cf spontaneous fission (s.f.) reference neutron spectrum, as derived by timeof-flight measurements [23] , and the ACRR central cavity reference neutron spectrum, as derived from a least-squares analysis of activation data [19] . Correlation matrices for these spectral characterizations have also been published. When a Cholesky transformation is used to sample the covariance matrices for these spectra, and the spectra are convoluted with a baseline silicon stopping power and TENDL-2015 nuclear data evaluation, Fig. 19 shows the resulting uncertainty in the pdf and cdf LET distributions for both spectra. Again, there is a large uncertainty for high LET (due to the uncertainty in the high neutron energy contributions). Fig. 20 shows the correlation matrix for this neutron spectrum uncertainty effect in the LET pdf. The uncertainty from the knowledge of the neutron spectra is comparable to that from the uncertainty in the nuclear data addressed in Section IV-A and shown in Fig. 12 .
V. CONCLUSION
This paper has quantified the uncertainty in the recoil atom energy distribution and in the associated electronic LET damage metrics due to the underlying nuclear cross-sectional data, the ion stopping power, and the neutron spectrum characterization in representative neutron fields. The uncertainty characterization is the result of a rigorous Monte Carlo-based approach that preserves the aspects of the nonlinear uncertainty propagation through the calculations. It is presented in the form of a covariance matrix so that it can be further propagated in the support of various applications. The largest uncertainty contributor to the LET distributions is the knowledge of the stopping power, but this contribution is strongly correlated over the fast neutron energy region and its effect can be significantly reduced for applications, as highlighted in Section I, where the relevant attribute is a relative damage between effects as seen in different radiation exposures, e.g., a device calibration and an application in a radiation environment for a reactor. The uncertainty contribution due to the nuclear data is comparable to that due to the spectrum characterization in high-quality reference neutron fields. A highly structured correlation matrix (in neutron energy and in LET) is seen for both the nuclear data and the spectrum characterization uncertainty contributions and this correlation needs to be considered when damage metrics are examined.
